The use of laser technology in the ceramic industry is undergoing an increasing trend, as it improves surface properties. The present work aimed to assess ultrafine and nanoparticle emissions from two different types of laser treatments (tile sintering and ablation) applied to two types of tiles. New particle formation mechanisms were identified, as well as primary nanoparticle emissions, with concentrations reaching up to 6.7 Â 10 6 particles cm À 3 and a mean diameter of 18 nm. Nanoparticle emission patterns were strongly dependent on temperature and raw tile chemical composition. Nucleation events were detected during the thermal treatment independently of the laser application. TEM images evidenced spherical ultrafine particles, originating from the tile melting processes. When transported across the indoor environment, particles increased in size (up to 38 nm) with concentrations remaining high (2.3 Â 10 6 particles cm À 3 ). Concentrations of metals such as Zn, Pb, Cu, Cr, As and TI were found in particles o 250 nm.
The high-energy nature of these laser processes implies a significant potential for the generation and emission of particles in the ultrafine and nanoparticle size range. However, nanoparticle emissions have so far never been evaluated for these industrial processes, mainly due to the novelty of this technology. The high temperatures applied in the furnace (up to 1195 1C) may cause chemical transformations in the raw tiles and the emission of particulate and/or gaseous pollutants into indoor air, which could be enhanced by the addition of the laser treatment.
Nanoparticle emissions from industrial processes are receiving increasing attention in the literature in recent years (Demou, Peter, & Hellweg, 2008; Pfefferkorn et al., 2010; Curwin & Bertke, 2011; Gandra, Miranda, Vilaça, Velhinho, & Teixeira, 2011; Koivisto et al., 2012; Van Broekhuizen, 2012; Gómez, Irusta, Balas, & Santamaria, 2013; Fonseca et al., 2014; Gomez et al., 2014; Voliotis et al., 2014; Koivisto et al., 2014) . These works focus on different types of processes, and reveal that nanoparticle emissions and subsequent exposures may reach up to particle number concentrations of 1 Â 10 6 parts cm À 3 such as the cases of firing processes where the painting and glazing of ceramics occur (Voliotis et al., 2014) , as well as during and welding/soldering (Gómez et al., 2013) . However, because of the vast number of industrial processes with potential for nanoparticle emissions, the assessment of nanoparticle emissions under real-world scenarios should be encouraged. The present work addresses the emissions from a highly innovative process with a large potential for global-scale implementation in the ceramic industry, which has so far not been evaluated regarding nanoparticle emissions.
This work aimed to identify and characterize nanoparticle formation and emission mechanisms during tile sintering and laser ablation processes in a pilot plant-scale furnace (3 m long). Special attention was paid to new particle formation processes and their dependence on process variables such as temperature or raw tile chemical composition. Finally, nanoparticle transformations through transport in indoor air are also described.
Materials and methods

Materials and experimental procedure
Nanoparticle monitoring and sampling was conducted over three consecutive days (from 23rd October to 25th October 2013), in a research laboratory at the Instituto de Ciencia de Materiales de Aragón (ICMA) located in Zaragoza, Spain. The experiments were not extended over a longer period of time due to two main reasons: (a) particle emissions detected (see next section) were significantly above background concentrations, and thus the data obtained were considered statistically representative of the processes under study, and (b) the availability of the pilot-plant scale furnace was limited. The laser used included a Rofin-Sinar 350 W SLAB-type CO 2 laser resonator and an optical beam steering system (Estepa & de la Fuente, 2006) . Two types of laser-based processes were assessed: a) Tile sintering Industrial ceramic tiles were sintered by laser irradiation in a high-temperature furnace. The tile sintering process was performed using a CO 2 laser emitting at a wavelength λ¼10.6 μm. The tiles were introduced in the furnace at a constant speed (1.5 m h À 1 ) in an orthogonal direction to the laser focus. The samples were gradually externally heated with a resistance furnace in a temperature range from ambient temperature up to 850 1C. Afterwards, the tiles followed the standard thermal cycles used at industrial-scale, with gradually increasing temperatures which reached peak values of about 1195 1C and 1115 1C for porcelain and red clay tiles, respectively. Six conventional industrial tiles were selected: raw porcelain (#1), porcelain with frit (#2), porcelain with frit and colored decoration (#3), raw red clay (#4), red clay with frit (#5) and red clay with frit and colored decoration (#6). These are six of the most frequently used types of tiles in the industry.
b) Laser ablation
Laser ablation is the process by which material is expelled from a surface by irradiating it with a pulsed laser (Bäuerle, 1996; Rubahn, 1999; Lahoz et al., 2011) . Fig. S1 in the supplementary information presents an illustration of these effects. It illustrates the presence of a melted layer at the surface of the porcelain tiles where the laser is irradiating. Particle emissions during laser ablation were only assessed for one type of material (raw porcelain; #7).
Sampling locations
The laboratory under study had a surface of 29 m 2 . The particle monitors and samplers were placed simultaneously at the emission source, directly above the furnace, at a second location indoors to assess the influence of transport (referred to as the breathing zone), and in outdoor air. Measurements at the emission source were performed between the furnace and the extraction system, and were therefore only influenced by emissions generated in the furnace (no contamination from background air was possible). Fig. S2 of the supplementary information shows the layout of the indoor area under study and sampling locations.
The height of the furnace from the floor is 1.1 m. At the source, instrument inlets were placed inside a 15 cm diameter tube (2.05 m above ground level), which acted as ventilation system for the furnace. In addition, measurements were made in the worker area, located at approximately 2 m from the furnace. Inlets were placed at breathing zone height ( $1.6 m).
Real time measurements
Particle measurements in the range 5 nm to 20 μm were performed using different instrumentation, aiming to combine the specific advantages of each of the instruments used with the purpose of overcoming their specific limitations, especially regarding lower particle sizes and maximum particle number concentrations measured: a) At the emission source:
An electrical mobility spectrometer (NanoScan, SMPS TSI Model 3910; sample flow rate 0.7 L min À 1 ) to measure the particle mobility size distribution in 13 channels from 10 to 420 nm mobility diameter. Time resolution was 1 min.
An Optical Particle Sizer (OPS, TSI Model 3330; sample flow rate 1 L min À 1 ) which measures the optical size distribution from 0.3 to 10 μm in 16 channels with 1 min time resolution.
A water-based condensation particle counter (WCPC, TSI Model 3785; sample flow rate 1 L min À 1 ) measuring total particle number concentration between 5 nm and 3 μm with 1 min time resolution.
b)
In the breathing zone:
An optical particle counter (OPC; Grimm Model 1.108) to measure particle mass in the range 0.3-20 μm. The sample flow rate and the sampling time interval were 1.2 L min À 1 and 1 min, respectively. The particles were classified in 15 channels according to their optical diameter. In addition, the following instruments were placed simultaneously at the emission source and at the breathing zone:
Two light-scattering laser photometers (DustTrak™ DRX aerosol monitor TSI Model 8533; sample flow rate 3.0 L min À 1 ) to measure PM 10 , PM 2.5 , PM 1 with 1 min time resolution. The PM values in the breathing zone were corrected with respect to reference gravimetric values, using a high-volume reference sampler. This was not possible, however, for the instrument at the emission source, and therefore only uncorrected values are reported.
Two miniature diffusion size classifiers DiscMini Matter Aerosol (Fierz, Houle, Steigmeier, & Burtscher, 2011) to measure total particle number, mean particle diameter and alveolar lung deposited surface area (LDSA) concentration. The sample flow rate and the sampling time interval were 1 L min À 1 and 1 min, respectively. The instrument detects particles with a mode diameter between 10 and 300 nm.
Because certain of these instruments monitored similar parameters (e.g. WCPC and NanoScan monitoring particle number concentrations although in different size ranges), in the results and discussion section only one of the datasets will be discussed for each parameter. In the case of total particle number (N), the results presented will be those obtained with the WCPC, unless otherwise specified, because of the highest concentration range measurable with this instrument (up to 10 7 parts cm À 3 , as opposed to 10 6 parts cm À 3 with NanoScan or DiscMini). The same applies for mean particle diameter, which will be discussed using the DiscMini data, because it is the only instrument for which particle diameter data were available simultaneously in the emission source and breathing zone. In the original setup, the use of different instruments measuring similar parameters aimed to maximize the number of valid data points obtained, given that the risk of exceeding the measurement capabilities of the instruments was high (due to the high nanoparticle emissions expected). Intercomparisons carried out during data processing (not shown) evidenced a high degree of comparability ( 7 15% of relative difference) between the different instruments for those with matching particle size ranges.
Sample collection
Particles emitted at the source were collected on 25 mm polycarbonate filters (one sample per ceramic material, plus one sample each night) with 0.8 μm pore size. Samples were collected using cassettes (SKC Inc., inlet diameter 1/8 in.) connected to SKC Leland Legacy pumps operating at 0.21 m 3 h À 1 (3.5 L min À 1 ). The sampling periods ranged from 20 min to 102 min, which correspond to air volumes sampled between 0.07 m 3 and 0.36 m 3 , respectively.
In addition, one accumulated sample was collected over the entire sampling period (26 h) by means of Personal Cascade Impactor Sampler (SioutasTM PCIS, SKC Inc.) (Misra et al., 2002) . Two PCIS were placed simultaneously indoor and outdoor connected to pumps operating at 9 L min À 1 . The collection substrates were 37 mm quartz fiber filters for the o0.25 μm (Pall) stage and 25 mm teflon-PTFE filters for the 0.25-2.5 μm and 2.5-10 μm stages (Pall).
Mass concentrations were gravimetrically determined by pre-and post-weighting the filters on a microbalance. Particle morphology, chemical composition, and size were analyzed by transmission electron microscopy (TEM, Jeol, JEM 1220, Tokyo, Japan), coupled with an energy-dispersive X-ray (EDX) spectroscopy. Particles for TEM were collected onto Quantifoil s gold (Au) grids with 1 μm diameter holes -4 μm separation of 200-mesh at the emission source. TEM grids were attached to air sample cassettes (SKC Inc., USA, inlet diameter 1/8 in. and filter diameter 25 mm) on polycarbonate membrane filters. Air flow was driven by pumps operating at 3.5 L min À 1 and collection efficiency for particles was assumed to be 100%. TEM sampling durations and sampled air volume were the same as for the polycarbonate filter samples described above.
Sample treatment and analysis
All the filters and samples of each raw ceramic material were acid digested by using nitric acid (HNO 3 ), hydrofluoric acid (HF) and perchloric acid (HClO 4 ) following the method proposed by Querol et al. (2001) for the analysis of major and trace elements by means of ICP-AES (IRIS Advantage TJA Solutions, THERMO) and ICP-MS (X Series II, THERMO). Laboratory blank filters were analyzed following the same methodology. Element concentrations were blank corrected.
In order to identify the mineralogical phases, a portion of each raw studied ceramic material was analyzed by X-ray powder diffraction (XRD).
Results and discussion
Chemical and mineral composition of the raw tiles
The chemical composition of the raw porcelain and red clay tiles is reported in Table S1 of the supplementary information. The composition of red clay and porcelain tiles was clearly distinct. Porcelain was characterized by higher concentrations of SiO 2 , Al 2 O 3 , Na 2 O and P 2 O 5 with the largest difference being observed for Na 2 O (93% higher than in red clay tiles). The relative concentrations of the remaining metal oxides were always higher for red clay tiles. The relative concentrations of trace elements were also higher in red clay tiles, which are enriched in all the elements analyzed, except for Y and Nb. Fig. S3 of the supplementary information shows the diffraction pattern determined by XRD analysis for each type of tile. Common crystalline constituents found in both types of tiles were quartz, SiO 2 (00-046-1045); kaolinite, Al 2 Si 2 O 5 (OH) 4 (00-014-0164); illite, (K,H 3 O)(Al 2 Si 3 AlO 10 (OH) 2 ) (00-026-0911) and, anhydrite, CaSO 4 (00-037-1496). Conversely, mineral phases such as albite, NaAlSi 3 O 8 (00-019-1184) were only found in porcelain tiles, whereas calcite, CaCO 3 (00-005-0586), dolomite, CaMg(CO 3 ) 2 (00-036-0426), hematite, Fe 2 O 3 (00-033-0664) and microcline, KAlSi 3 O 8 (00-019-0932) were only found in red clay tiles.
The composition of frit and pigments used for decoration may not be provided due to confidentiality reasons. Pigments are essentially composed of oxides of Al, Cu, Cr, Co, Mn, Fe, Pb, and Sn (Taylor, Bull, & Ceramics, 1986; Casasola, Rincón, & Romero, 2012; Celades, 2013) . Furthermore, ZrSiO 4 , ZrO 2 , ZnO, TiO 2 and SnO 2 are frequently used as opacifying agents to produce opaque frits (Jacobs, 1954; Romero, Rincón, & Acosta, 2003; Lahoz et al., 2011; Casasola et al., 2012) .
Nanoparticle emissions
The time series of particle number concentrations, measured at the emission source (the furnace for sintering processes, and outside the furnace for ablation process) are shown in Fig. 1 . Table 1 summarizes the mean and maximum concentrations obtained in terms of number and mass concentrations, as well as the mean particle diameter for the emissions from each of the materials sintered (from #1 to #6), the material ablated (#7) and for background air (nonactivity period).
Over the two-hour periods during which each of the tiles underwent the thermal treatment, major nanoparticles emissions were registered. On average, mean and maximum N minute concentrations were 1 and 2 orders of magnitude (respectively) higher than background levels, and by applying the methodology described by Asbach et al. (2012) and based on the ratio between workplace air concentrations and 3 times the standard deviation of the background concentration, it may be concluded that nanoparticle emissions during thermal treatment were statistically representative. Mean particle diameters were lower (8-18 nm) than in background air (38 nm). The fact that measurements were carried out in a pilotplant scale furnace suggest that the emission processes detected are likely to take place also at industrial scale.
The highest nanoparticle emissions were registered during red clay tile sintering and, in particular for material #5, reaching a maximum of 6.7 Â 10 6 parts cm À 3 (particle mean diameter ¼18 nm). Maximum nanoparticle emissions during sintering of a similarly coated material (#2) were lower by a factor of 2, thus suggesting that majority of the nanoparticles emissions originate from the base of the tiles, as opposed to the coating materials. On average, nanoparticle emissions were higher for red clay sintering (7.8 Â 10 5 parts cm À 3 ) when compared to porcelain (4.0 Â 10 5 parts cm À 3 ). This is an especially relevant finding for the tile industry, given that red clay materials are usually preferred because of their lower cost with respect to porcelain. However, due to esthetic reasons, the demand for porcelain tiles is currently increasing in the global ceramic market. Regarding mean particle diameter, emissions from red clay sintering were on average coarser (16 nm) than from porcelain tiles (10 nm), even if both particle diameters are extremely small especially in comparison to background air.
A relatively similar pattern was observed for particle mass. The highest total PM emissions were generated during sintering of frit coated red clay tiles (#5; 32.8 μg m À 3 ), although followed closely by frit and decoration coated porcelain (#3; 30.5 μg m À 3 ). The lowest emissions in terms of mass originated from porcelain sintering where a reduce influence on the formation of larger particles were found, especially for coated porcelain. Fig. 1 and Table 1 also show the results from the ablation (#7). Results show that ablation emissions were highest in terms of mass for all size ranges and materials and lowest in terms of particle number concentration (3.8 Â 10 5 parts cm À 3 ) (with exception of material #1, and #3). Furthermore, the particle size was highest showing a mean diameter of 80 nm. These observations were expected during ablation because it is a mechanical process (as opposed to a thermal process). The TEM samples show a large number of spherical morphology particles below 1 μm in indoor air (Fig. 2) , especially during the ablation process (d) where aggregates of particles in the nano-size range are observed. This is expected to occur due to the fact that laser engraving induces phase transitions, causing break down of the original material (Lahoz et al., 2011) . During ablation, particles are produced with a more spherical shape whereas during sintering ( Fig. 2a-c) they are finer and may be interpreted as portions of melted material involved in melting processes at a high temperature under the laser beam. Chemical analysis by EDX showed that the nanoparticles are mostly constituted by elements such as Zn, Cu and Fe due to the extensive use of these substances as opacity and pigmentation agents in ceramic tiles (Casasola et al., 2012; Celades, 2013) .
Particle size distributions
The particle number distributions corresponding to porcelain and red clay sintering are shown in Fig. 3a and b , respectively. Additionally, results from raw porcelain ablation are presented in Fig. 3a . The mean particle diameters produced from sintering were below mostly 35 nm (for 480% of the particles). Conversely, the ablation process produced mainly particles between 65 and 200 nm (for 490% of the particles) in number.
The size distributions present different trends during sintering and ablation. During sintering, trimodal shaped distributions were measured, with mode values at 10-20 nm, 20-85 nm and 85-420 nm. This was observed for red clay and porcelain tiles. Conversely, laser ablation of porcelain tiles produced a bimodal curve, with mode values 10-50 nm and 50-420 nm, with a clear prevalence of coarser particles (4100 nm) as expected.
Particle size distribution seemed to depend on the type of material. In particular, for particles ranging between 10 and 85 nm, mean particle number concentrations from porcelain tiles were higher (4.1 Â 10 5 parts cm À 3 ) than from red clays (3.0 Â 10 5 parts cm À 3 ). However, the number concentration for particles below 11.5 nm during sintering of material #6 were higher than for material #3, respectively. Concerning particles between 85 and 420 nm in diameter, particle number concentrations were higher for red clays (3.7 Â 10 4 parts cm À 3 ) than for porcelain tiles (1.9 Â 10 4 parts cm À 3 ). Fig. 4 shows an example of time series of particle number concentrations and size for the particles emitted during the entire thermal cycle for porcelain and red clay tiles with frit coating (materials #2 and #5). Table 2 summarizes, for all of the materials, the mean and geometric standard deviation (σ) of particle number concentrations (N) and particle diameter (D p ).
Particle formation and emission mechanisms
Two different emission behaviors, strongly linked to temperature, were registered. In the first 30 min, when porcelain and red clay tiles were externally heated in the furnace in a temperature range between 850-1195 1C and 850-1115 1C for porcelain and red clay tiles respectively, a thermally-induced emission pattern was observed starting from 1.3 Â 10 5 parts for Table 1 Average and maximum (in parenthesis) particle number concentrations, particle diameter and mass concentrations measured during tile sintering, ablation and background. Mean values corresponding to each sintering and ablation process, approximately 1.5 h and 20 min in duration, respectively. Maximum values are 1 min means. porcelain cm À 3 and 3.1 Â 10 4 parts cm À 3 for red clay tiles frit coated. For material #2, the increase in mean particle size also followed the increase of the temperature in the furnace increasing from 9 nm probably due to condensation of pre-existing nanoparticles after emission. The evolution of the particle size of material #5 exhibited a different pattern: for the first 20 min, particle number concentrations and size remained stable and during the following 10 min, particle number concentration started to increase and a decrease in particle size was detected reaching lowest values of 5 nm. This suggests the occurrence of new particle formation processes by nucleation (nanoparticles o30 nm in diameter being formed; Kumar, Fennell, & Britter, 2008) , which would result in higher particle number concentrations with a lower particle size. This was probably due to the S-bearing species in the raw material such as anhydrite (CaSO 4 ), which decomposes at high temperatures (Chinchón, Querol, Fernández-Turiel, & López-Soler, 1991) , into CaO and SO 2 . In the furnace, SO 2 probably causes nucleation events induced by H 2 SO 4 as exhaust gases cool down (Kulmala et al., 2004) . These events were not detected so clearly with porcelain materials, probably due to their much lower SO 4 2 À content (0.03%).
Upon introduction of the laser beam (within the peak temperature zone, Fig. 4) , the particle number concentrations increased reaching maximum values of 3.3 Â 10 6 parts cm À 3 (porcelain) and 6.7 Â 10 6 parts cm À 3 (red clay) with mean diameters of 24 nm and 30 nm, respectively. The increase in both particle size and concentration probably resulted from additional emissions of primary nanoparticles of melted products from the surface materials due to the laser treatment with slightly coarser particle diameters (424 nm as opposed to o20 nm during the thermal treatment). The presence of submicron spherical nanoparticles (most o100 nm) resulting from melting was confirmed by TEM images (Fig. 2) .
Upon completion of the laser treatment (minute 46, Fig. 4) , nucleation events were once again detected as a decrease in mean particle size to 5-6 nm. On minute 50 (cooling zone), particle number concentrations for porcelain tiles dropped back to the registered levels in the beginning of the sintering process (1 Â 10 5 parts cm À 3 ). Concerning the red clay tiles, the decrease in particle number concentration to background levels (3 Â 10 4 parts cm À 3 ) occurred slightly later, on minute 55. Finally, whereas a constant of particle number concentration was detected, significant particle growth was observed for red clay tiles during the cooling stage, probably due to condensation of gaseous species and/or the agglomeration of existing finer nanoparticles from nucleation. This particle growth was not observed for porcelain probably due to the less intense particle nucleation rates observed for these materials.
Similar patterns were obtained for all the materials analysed, although with the highest nanoparticle emissions during laser treatment being registered for material #5, followed by material #6, reaching an average of 5.6 Â 10 6 parts cm À 3 and 5.0 Â 10 6 parts cm À 3 , respectively. Nanoparticle emissions during laser treatment on similarly coated porcelain materials, such as #2 and #3, were lower than coated red clay tiles by a factor of 2.2 and 5.9, respectively. Although for porcelain and red clay the size of the emitted particles exhibited diameters finer than 24 nm, the particles emitted by porcelain sintering under laser treatment were finer than for red clay. Conversely, particle number concentrations emitted were higher from red clay than from porcelain. These results have direct implications for the ceramic industry, given the current increasing Table 2 Geometric mean and standard deviation (in parenthesis) of particle number concentrations and particle diameter, only during the period of laser incidence.
Material
N [parts cm À 3 ] D p [nm]
#1: Raw porcelain 7.4 Â 10 5 (5.0 Â 10 5 ) 8 (2) #2: Porcelain with frit coated 2.5 Â 10 6 (7.0 Â 10 5 ) 21 (5) #3: Porcelain with frit and decoration coated 8.5 Â 10 5 (1.6 Â 10 5 ) 15 (4) #4: Raw red clay 2.3 Â 10 6 (7.0 Â 10 5 ) 24 (5) #5: Red clay with frit coated 5.6 Â 10 6 (1.8 Â 10 6 ) 24 (8) #6: red clay with frit and decoration coated 5.0 Â 10 6 (1.4 Â 10 6 ) 15 (4) Table 3 Average and maximum (in parenthesis) particle number concentrations, mean particle diameter and mean LDSA measured at breathing zone during tile sintering and background concentrations. global demand for porcelain tiles and the similarly decreasing demand for red clay tiles. This would imply increasing exposures to nanoparticles of lower diameters (o20 nm) in ceramic industrial plants. Table 3 shows the results obtained at the secondary indoor location (the worker breathing zone) during tile sintering. The patterns observed in the breathing zone were somewhat different to those from the emission source.
Transport of emissions across indoor air
Particle concentrations decreased from the furnace to the breathing zone for four of the six materials studied. The exceptions were material #1 and material #3. These decreases were interpreted as resulting from dilution of emission with workplace air, and also from coagulation and agglomeration of the particles emitted at the furnace. On average, mean and maximum N minute concentrations in the breathing zone were one order of magnitude higher than background levels for all the materials. Mean particle diameters in the breathing zone were 13-27 nm, larger than in the furnace but smaller than background air (36 nm). This increase in particle diameter with regard to the furnace area is consistent with particle ageing and coagulation particle processes described above.
In contrast to the emissions monitored at the emission source, the highest nanoparticle concentrations in the breathing zone were registered during material #3 with a maximum of 2.3 Â 10 6 parts cm À 3 (particle mean diameter¼16 nm). On average, nanoparticle concentrations were lower for red clay sintering (1.5 Â 10 5 parts cm À 3 ) when compared to porcelain (5.5 Â 10 5 parts cm À 3 ). Similarly to the mean particle diameter measured at the furnace, particles from red clay sintering were on average coarser (24 nm) than from porcelain tiles (16 nm). Once they reached the breathing zone, particles from porcelain and red clays were 1.6 and 1.5 times coarser than the same particles at the emission source, respectively.
In terms of mass, a relatively similar pattern to the one described for the furnace area, was registered. Increases in particle mass were detected after transport to the breathing zone.
The alveolar LDSA of the nanoparticles emitted during tile sintering and measured in the breathing zone was significantly larger than in background air. Background air LDSA concentrations were 35 μm 2 cm À 3 and they increased by a factor of 2-20 in the breathing zone. LDSA concentrations were higher during porcelain sintering than during red clay sintering. In terms of average values, sintering of frit coated porcelain tile exhibited the highest mean value (6.9 Â 10 2 μm 2 cm À 3 ). Finally, alveolar LDSA concentrations during tile ablation exceeded the levels recorded during sintering, reaching an average value of 6.3 Â 10 3 μm 2 cm À 3 (data not shown). Monitored levels of LDSA in both processes were significantly higher than the outdoor levels registered in major European cities such as Dusseldorf, Germany (30-45 μm 2 cm À 3 ) (Kuhlbusch et al., 2004) , Lisbon, Portugal (35-89 μm 2 cm À 3 ) and Barcelona, Spain (37 726 μm 2 cm À 3 ) (Reche et al., 2015) .
Particle chemical characterization
The chemical composition of particles collected in indoor and outdoor air for 26 h is summarized in Tables S2 (major species) and S3 (trace elements) of the supplementary information.
Indoor mass concentrations of PM o 0.25 , PM 0.25-2.5 , and PM 2.5-10 were 43.1 μg m À 3 , 5.3 μg m À 3 and 4.8 μg m À 3 respectively. PM o 0.25 mass concentrations were higher than in other size fractions for most of the elements analysed in indoor air, evidencing the influence of sintering emissions in the lowest particle size range. The main indoor components of PM o 0.25 were SiO 2 (2.0 μg m À 3 ), K 2 O (3.7 μg m À 3 ), SO 4 2 À (4.6 μg m À 3 ), Zn (0.8 μg m À 3 ), Cr (0.6 μg m À 3 ), Pb (0.1 μg m À 3 )
and As (0.05 μg m À 3 ). Indoor PM 2.5-10, was enriched in Zr (12.2 ng m À 3 ) and Sr (4.3 ng m À 3 ), when compared with outdoor concentrations (Zr odetection limit and Sr¼ 1.2 ng m À 3 of Sr), probably linked to frit and pigments used in the ceramic tiles (Querol et al., 2007; Minguillon et al., 2009; Sánchez de la Campa et al., 2010) . This statement is in agreement with the chemical composition of the PM collected during each sintering and ablation process, which is displayed in Table S4 of the supplementary information. Indoor/outdoor concentration ratios (I/O) ( Fig. S4 in the supplementary information) were especially high for typical tracers of components in PM o 0.25 used in the mix of frits and pigments in tile decoration such as Cr, Mn, Ni, Cu, Ce and Pb (Minguillon et al., 2009; Sánchez de la Campa et al., 2010) . Concerning PM 0.25-2.5 , the main species with I/O ratios 41 were P 2 O 5 and ZnO. Zn is very often used in frit and enamel formulas (Casasola et al., 2012; Celades, 2013) . Finally, the coarse particles (PM 2.5-10 ) showed a larger occurrence of I/O 41 for Ba. I/O o1 indicate the predominance of outdoor sources or particle losses and evaporation processes indoors. This was the case for certain crustal elements of outdoor origin such as Al, Ti and Fe, indicating that their origin is mainly linked to traffic re-suspension of road dust (Querol et al., 2007) . As expected, secondary inorganic aerosols such as SO 4 2 À also showed ratios o1 in the accumulation mode (Seinfield & Pandis, 2012; Viana et al., 2014) . The chemical profile of particles emitted from red clay sintering was characterized by high concentrations of mainly K, Rb, TI and probably Zn and SO 4 2 À , Cu and Sn (Table S4 ). Inversely, emissions of CaO were found to be 1.2-3.2 times higher from porcelain tiles sintering than from red clay tile sintering.
Conclusions
Nanoparticle formation, emission mechanisms, and impact on exposure were assessed for different ceramic materials during tile sintering and laser ablation processes in a pilot plant scale furnace. Six conventional and the most frequently used types of tiles in the ceramic industry were assessed.
The main findings from this study may be summarized as follows:
Nanoparticle emissions were detected in high concentrations (mean minute concentration up to 9.7 Â 10 5 parts cm À 3 over 1.5 h), with mean diameter of 18 nm.
Two different emission behaviors were detected: (i) Thermally induced emission, and (ii) nanoparticle formation through nucleation. These behaviors were, independent of the laser treatment, and they were strongly linked to tile composition.
It is concluded that temperature plays a major role in particle emission in this kind of industrial process. New particle formation processes by nucleation occurred mostly during red clay tile sintering and probably due to Sbearing species in the raw material (e.g., CaSO 4 ).
Ablation emissions were highest in terms of mass for all size ranges and highest in terms of particle size (mean diameter of 80 nm).
When emissions were transported across the indoor area, particle number, mass and LDSA concentration decreased but remained at extremely high levels (up to N ¼ 2.3 Â 10 6 parts cm À 3 ; LDSA ¼2.3 Â 10 3 μm 2 cm À 3 ) with small particle sizes (13-27 nm). Mean particle diameters in the breathing zone were larger than in the furnace (8-18 nm) but smaller than in background air (36 nm).
The highest concentrations of metals (mainly Zn, Pb, Cu, Cr, As and Tl) were found in the ultrafine fraction o0.25 mm.
It is recommended that preventive and protective actions (e.g., exhaust fume extraction) should be undertaken in ceramic industries using laser irradiation during tile sintering, but also during conventional thermal treatment.
Further research is underway in order to confirm the findings from this study and to provide a better understanding of nanoparticle formation mechanisms and of potential exposures in workplace air, in a larger number of representative samples and under pilot plant conditions.
Role of funding source
The funding sources had no involvement in study design, in the collection, analysis and interpretation of data, in the writing of the text, nor in the decision to submit the article for publication.
